Introduction
Nutrient limitation in temperate forest soils is a major impediment to plant growth and soil fertility (Gress et al. 2007) . Forest soil nutrient deficiencies may be addressed through the addition of N and P fertilizers or lime (Sullivan et al. 2014; Moore et al. 2015) , but the application of these amendments may be problematic in the long-term. For example, fertilizers are costly and thus may have important implications for the sustainability and economics of forest management (Cole 1995; Hedwall et al. 2014) . These amendments may also require repeated or frequent application (Brockley 2007; Hedwall et al. 2010; Bergh et al. 2014) , and nutrient runoff can lead to a reduction in water quality in nearby watersheds (Fenn et al. 1998; Binkley et al. 1999) . Furthermore, fertilizer and lime application have been linked to increased fluxes of soil greenhouse gases such as CO 2 and N 2 O (Sitaula et al. 1995; West and McBride 2005) . Soil amendment with biochar, the aromatic C-rich solid product resulting from the pyrolysis of organic material (Lehmann and Joseph 2009) , has been demonstrated to increase soil water-holding and cation exchange capacities, buffer the pH of acidic soils, and sorb phytotoxic compounds (Biederman and Harpole 2013) . In addition, biochar can persist for centuries to millennia in the environment, and the conversion of labile biomass C to biochar may increase soil C storage and mitigate increasing atmospheric CO 2 concentrations that contribute to global climate change (Lehmann 2007) . Studies examining biochar application to soil have primarily focused on agricultural ecosystems due to the economic and societal benefits associated with improved crop yields (Jeffery et al. 2011) . In comparison, less research has focused on biochar addition to forests, especially in temperate ecosystems (Gundale and DeLuca 2006; Santos et al. 2012; Singh et al. 2014; Noyce et al. 2015; Sackett et al. 2015) . However, biochar application to forest soils may provide similar benefits as in agricultural systems. For example, biochar may increase soluble ion concentrations in nutrient-deficient forest soils (Thomas and Gale 2015; Zhu et al. 2015) through both the sorptive retention of cations and the addition of feedstockderived inorganic ash components (Lehmann et al. 2011) .
Previous studies have reported stimulated soil microbial activity (increased soil CO 2 respiration) following biochar amendment (Steinbeiss et al. 2009; Ameloot et al. 2013; Gomez et al. 2014) , and shifts in the microbial community composition of biocharamended soils have been observed using phospholipid fatty acid (PLFA) biomarkers (Prayogo et al. 2014; Watzinger et al. 2014; Mitchell et al. 2015) . In contrast to fertilizer addition which may stimulate microbial activity by directly alleviating nutrient deficiencies (Cleveland et al. 2002; Zhu et al. 2015) , biochar likely enhances microbial activity as a result of several favourable changes to soil properties. For example, biochar may improve soil physical structure and aeration, increase soil nutrient concentrations and pH, as well as provide macroporous environments that favour microbial colonization and offer microbes protection from predators (Lehmann et al. 2011; McCormack et al. 2013; Gul et al. 2015) . Since microbes are the primary decomposers of organic matter (OM) in soil (Sheibani et al. 2013) , biocharinduced changes in microbial activity and community composition may alter soil C turnover. For example, both positive and negative priming of soil C has been reported during biochar amendment, which may decrease or increase native soil C stocks, respectively (Cross and Sohi 2011; Keith et al. 2011; Luo et al. 2011; Zimmerman et al. 2011; Maestrini et al. 2014 ). However, it remains unclear how the overall composition of native soil OM is altered by biochar addition to soil, including changes in the proportions of specific types of OM components. For example, enhanced microbial activity may decrease the concentration of labile, easily-degradable OM components such as sugars, peptides and protein, resulting in an accumulation of more recalcitrant OM constituents such as long-chain aliphatic lipids (von Lützow et al. 2006; Mitchell et al. 2016) . Since soil OM plays a critical role in global biogeochemical cycles (Lal 2008) , it is important to assess whether biochar alters the native soil OM composition to further evaluate the feasibility of applying biochar to nutrient-limited forest soils.
This study focuses on a three-year, field-scale amendment experiment conducted in a mixed hardwood temperate forest located in central Ontario, Canada, in the Great Lakes-St. Lawrence region. This area receives high levels of N deposition as a result of anthropogenic emissions in eastern North America (Environment Canada 2005; Vet and Ro 2008) . Previous studies have reported evidence of essential plant nutrient deficiencies in soils of this region, primarily P, while K, Ca and Mg may be limiting secondarily (Gradowski and Thomas 2006; Casson et al. 2012) . P fertilizer and lime application may be used to correct the altered soil nutrient ratios which result from elevated N inputs (Gradowski and Thomas 2006; Peng and Thomas 2010; Moore and Ouimet 2014; Moore et al. 2015; Sackett et al. 2015) . Biochar amendment may also provide long-term supplementation of these limiting soil nutrients through the slow release and sorptive retention of ions (Mukherjee and Zimmerman 2013) . Furthermore, if biochar is prepared on-site from forest biomass, it may be a more cost-effective amendment than fertilizer with the benefit of enhancing soil C sequestration (Thomas and Gale 2015) . Previous studies at this forest reported that biochar addition (5 t/ha) increased soil CO 2 respiration as well as the concentration of several limiting soil nutrients, including PO 4 3-, K ? , Ca 2? and Mg 2? , whereas P fertilization (200 kg/ha) decreased the abundance of mycorrhizal fungi in the mineral soil as a result of alleviated nutrient deficiencies after one year Sackett et al. 2015) . To further investigate potential changes in the soil microbial community composition and soil OM chemistry with P fertilization and different biochar application rates over a longer time scale, the present study used a factorial design setup to compare soil responses to biochar (0, 5, 10 and 20 t/ha) and P (0 or 200 kg/ha) amendments separately as well as to a combined biochar ? P treatment 3 years post-amendment. Shifts in the soil microbial community structure were examined using PLFAs (Frostegård and Bååth 1996) , while changes in the native soil OM composition were assessed using soil OM biomarker and solution-state nuclear magnetic resonance (NMR) spectroscopy techniques (Feng and Simpson 2011) . We hypothesize that biochar and P amendment in this forest soil will increase soil fertility by directly providing available forms of P and other limiting plant nutrients, leading to increased bacterial and fungal activity and enhanced mineralization (positive priming) of forest floor litter and native soil OM. Our overall research objective is to examine biochar-versus P-induced changes in microbial activity and soil OM composition using the aforementioned molecular-level techniques to evaluate the potential advantages and disadvantages of using biochar as a soil amendment in a nutrient-limited managed forest ecosystem.
Materials and methods

Experimental design and sample collection
The biochar and P amendment study was conducted at the Haliburton Forest and Wild Life Reserve Ltd. in central Ontario, Canada (45.29°N, 78.64°W) . This temperate hardwood forest contains primarily deciduous trees and is dominated by sugar maple (Acer saccharum Marshall). The mean annual temperature and precipitation at the site are 1075 mm and 5°C, respectively (Environment Canada 2015; Sackett et al. 2015) . The soil at the study site is classified as a Brunisol under the Canadian System of Soil Classification, an Inceptisol under the USDA Soil Taxonomy system and a Cambisol under the FAO World Reference Base soil classification system (Soil Classification Working Group 1998). The experiment was designed to test two factors: different biochar application rates (0, 5, 10 and 20 t/ha) and P amendment (unfertilized or fertilized with Ca(H 2 PO 4 ) 2 at a rate of 200 kg/ha). The biochar application rates were selected based on previously published biochar amendment studies in temperate ecosystems (Steinbeiss et al. 2009; Smith et al. 2010; Case et al. 2012; Nelissen et al. 2012; Ameloot et al. 2013 ). The P application rate was based on previous research which assessed both microbial and plant responses to soil P fertilization at the Haliburton Forest (Gradowski and Thomas 2008; Noyce et al. 2015; Sackett et al. 2015) . Using a factorial design, a total of 8 treatments were tested with five replicate plots per treatment, for a total of 40 experimental plots. The plots were 1 9 1 m in size and were delineated within a 60 9 20 m area of the forest in September 2011 using a randomized block design. Sugar maple sawdust (particle size range of 0.5-5 mm diameter) was pyrolyzed in several batches on-site using a small-scale, 80 L capacity rotating kiln heated by a flame to maximum treatment temperatures between 350 and 450°C, with an average maximum temperature of 400°C. The temperature inside the pyrolyzer was measured using a high-temperature thermocouple inserted into the center of the reaction chamber. During pyrolysis, the samples were held at the maximum temperature for approximately 40 min to ensure thorough pyrolysis, and all resulting batches were combined and mixed prior to biochar application . The biochar and P amendments were applied directly to the forest floor litter-fibric-humic (LFH) layer by hand prior to leaf fall and were not tilled into the soils to avoid damaging plant roots. Following application, the experimental plots were left undisturbed until the time of sampling and were covered by three consecutive years of autumn leaf fall. Soil samples were obtained in September 2014 by gently removing a small amount of the forest floor leaf litter at each plot by hand and then collecting duplicate soil cores (2 cm diameter), which were separated into upper (0-5 cm) and lower (5-15 cm) mineral soil layers. All soil samples were stored at 4°C during transport to the laboratory, frozen within 8 h of collection and freeze-dried. The samples were 1 mm sieved to remove rocks and visible plant material and homogenized using a mortar and pestle. Preliminary elemental C and N analysis and solvent extraction showed similar elemental and biomarker composition, respectively, in control soils across the five blocks (data not shown). As such, composite soil samples were prepared by combining equal amounts of the ten replicate soil cores from the same experimental treatment and sampling depth (4 biochar application rates 9 2 P application rates 9 2 depths, for a total of 16 composites). The composite samples were further homogenized using a mortar and pestle prior to analysis.
Soil and biochar characterization
To measure pH, soil or biochar was mixed with deionized H 2 O (1:10 w/v) on a reciprocal shaker for 1 h (Hendershot et al. 2008) , centrifuged, and the pH of the supernatant was measured using an Accumet Basic pH electrode (Fisher Scientific). Total C and N content were determined by combusting the soil and biochar samples at 950°C using a Thermo Flash 2000 CN combustion analyzer and measuring the evolved gases using a thermal conductivity detector. Organic carbon (OC) content was determined by combusting the samples at 475°C, while the inorganic C content was calculated as the difference between the total C and OC content. Since inorganic C was not previously detected in Haliburton Forest soils (Mitchell et al. 2015) , the percentage of OC was equated to the total C content. Extractable PO 4 3-was measured by extracting soils with 0.5 M sodium bicarbonate solution (1:20 w/v, pH 8.5) followed by colourimetric detection (Olsen et al. 1954) . To examine potential nutrient losses from the amended soils during the 3 year experiment, the expected increases in soil C and N content and extractable PO 4 3-concentration at the 0-5 cm depth were calculated based on the chemical properties and application rate of the biochar and P amendments, assuming homogeneous mixing of the amendments into the upper mineral soil.
Soil OM biomarker extractions and solution-state 1 H NMR spectroscopy analysis Several chemical extraction methods were used to isolate soil OM biomarkers, including a modified Bligh-Dyer extraction protocol to isolate PLFAs (Bligh and Dyer 1959; Frostegård and Bååth 1996) , solvent extraction to extract unbound lipids and sugars (Otto and Simpson 2005) , base hydrolysis to cleave ester-bound wax, cutin and suberin components (Otto and Simpson 2006b ) and CuO oxidation to isolate lignin-derived phenols (Hedges and Ertel 1982; Otto and Simpson 2006a) . A detailed description of the biomarker extraction and quantification is listed in the Supplementary Material. A sub-sample of the biochar composite used in the amendment study was subjected to all four biomarker extraction protocols in triplicate and did not contain detectable quantities of any OM biomarkers (data not shown). As such, all detected biomarkers are derived from the native soil OM. Whole soil samples were also subjected to HF demineralization (Gonçalves et al. 2003) followed by exhaustive extraction with NaOH to isolate baseextractable soil OM (Kelleher and Simpson 2006) , which was subsequently analyzed using one-and twodimensional (1-D and 2-D) solution-state 1 H NMR spectroscopy (see Supplementary Material). Table 1 summarizes the major soil OM components and parameters which were examined in the upper mineral soil using the biomarker and NMR analyses as well as the corresponding results and their biogeochemical interpretation.
Statistical analysis
Principal component analysis (PCA) was performed on biomarker concentrations using SPSS Statistics software (v. 20, IBM) to screen for soil microbial community and OM compositional shifts. No data transformation was required since all biomarker data were normally distributed. PCA was conducted on the four individual biomarker data sets separately as well • Soil bacterial activity • Increased concentrations with biochar, P and biochar ? P
• Bacterial activity was stimulated • Ratio increased with biochar, P and biochar ? P
• OM compositional shift toward a higher proportion of cyclic lipids • Ratio of sterols/ sterones
• Indicator of sterol degradation
• Ratio did not change with biochar, P or biochar ? P
• No change in sterol degradation
Base hydrolysis • Total cutin monomers • Cutin-derived soil OM inputs
• Increased concentrations with biochar, P and biochar ? P
• Higher inputs of cutin-derived OM components • Total suberin monomers
• Suberin-derived soil OM inputs
• Higher inputs of suberinderived OM components • Ratio of suberin/cutin • Relative proportion of suberin and cutin in soil
• Ratio decreased with biochar, P and biochar ? P
• OM compositional shift toward more cutin components • Ratios of x-C 16 /RC 16 and x-C 18 /RC 18 acids
• Indicators of cutin degradation
• No change in cutin degradation Biogeochemistry (2016) 130:227-245 231 as all OM biomarker data combined. To assess the statistical significance of biomarker concentrations and ratios in amended soils relative to the unamended control, and to examine potential interactions between the biochar and P treatments, a two-way analysis of variance (ANOVA) with Tukey's honest significant difference post hoc test was applied to biomarker data sets using OriginPro software (v. 8.0, OriginLab). A p value B0.05 was considered statistically significant. The ANOVA F-statistic and p-values obtained for biomarkers in the 0-5 cm and 5-15 cm depth soils are summarized in Tables S1 and S2 , respectively.
Results
Elemental composition and chemical properties of soils
The biochar had a near-neutral pH 6.73 and was rich in OC (86.7 %) with a small amount of inorganic C also present (0.2 %; Table S3 ). Sackett et al. (2015) reported that this biochar composite contained extractable K ? , Ca 2? , Mg 2? and PO 4 3-ions which could be leached and provide a nutrient source in the soil. Table S4 lists the soil pH values as well as the measured and expected total C and N content and extractable PO 4 3-concentrations of the soil samples. Soil pH ranged from 4.10 to 4.57 across all samples and did not show a consistent trend with any amendment or between the two depths. This agrees with two previous studies in which biochar amendment at this site did not alter soil pH Sackett et al. 2015) . At the 0-5 cm depth, the total C content was elevated in all samples containing biochar relative to the unamended soil, which was anticipated since biochar is a C-rich amendment. The total C content also increased in the P-fertilized soil. Total N was higher in all amended 0-5 cm soil samples relative to the unamended soil. The increases in the total C and N content of the amended 0-5 cm soils were higher than the values expected based on the amount of C and N added in the form of biochar. This suggests that soil C and N content increased 3 years post-amendment in the upper mineral soil, and indicates that any losses of biochar from the amended soil plots were minimal (Major et al. 2010) . At the 5-15 cm depth, all biochar, P and biochar ? P amendments increased soil C and N to a similar extent, likely due to increased root growth. Extractable PO 4 3-concentrations in the Pand biochar ? P-fertilized soils were higher than the unamended soil at both depths, but were only marginally higher than the unamended soil with biochar amendment. The measured extractable PO 4 3-concentrations in the biochar-amended soils were in close agreement with the expected values, whereas PO 4 3-concentrations were lower than expected in the P-and biochar ? P-amended soils. This decrease in extractable PO 4 3-concentration after 3 years for all soils amended with P fertilizer is likely due to PO 4 3-uptake by soil microbes and plant biomass and/or leaching into lower soil horizons (Bhatti et al. 1998; Cui et al. 2011 ).
Principal component analysis (PCA)
PCA scores plots for the PLFA and total soil OM biomarker concentrations are shown in Fig. 1 , while the PCA scores plots for the different biomarker classes are shown in Fig. S1 . The PLFA and total soil OM biomarker PCA scores plots exhibited clear separation between the upper and lower soil horizons along PC1, which explained 91.5 and 69.0 % of the variance, respectively (Fig. 1) . In addition, the upper soil horizon PCA scores showed more variation between the different treatments than the lower soil horizon, suggesting greater differences in the soil microbial community and soil OM composition at the 0-5 cm depth than at 5-15 cm. The same trend of greater variation in soil OM composition at the upper depth was also observed for the PCA scores for the individual biomarkers (Fig. S1 ). Since PCA revealed distinct differences in soil microbial community and OM composition between the treatments, biomarker concentrations and ratios were examined in greater detail to gain more specific insight into these compositional shifts.
Phospholipid fatty acids (PLFAs)
PLFA analysis revealed that biochar, P and biochar ? P amendment stimulated soil microbial activity and altered the microbial community structure to different extents. A total of 30 PLFAs were identified in the soil samples which were assigned to the following sources (Table S5) : Gram-positive bacteria (i14:0, i15:0, a15:0, i16:0, a16:0, i17:0 and a17:0), Gram-negative bacteria (16:1x7c, cy17:0, 18:1x7c and cy19:0), actinomycetes (10Me16:0, 10Me17:0 and 10Me18:0), fungi (18:2x6,9c) and non-specific PLFAs (Zelles 1999) . At the 0-5 cm depth, concentrations of Gram-positive, Gram-negative and actinomycete PLFAs increased with nearly all treatments, in most cases significantly ( Fig. 2a-c ; Table S6 ). At the same depth, fungal PLFA concentrations increased significantly with biochar and biochar ? P addition but not with P fertilization (Fig. 2d) . At the 5-15 cm depth, the fungal PLFA concentration decreased significantly with P fertilization but increased significantly with biochar amendment (Table S7 ). The ANOVA results showed a significant interaction between biochar and P in the biochar ? P- amended soils for all PLFA biomarkers at both depths, with the exception of the fungal PLFA in the lower soil (Tables S1-S2 ). Several ratios of PLFAs were calculated to examine microbial community shifts and substrate limitations (Feng and Simpson 2009) . At the 0-5 cm depth, the Gram-negative/Gram-positive ratio decreased with all treatments (Fig. 2e) . At both depths, the ratio of bacterial/fungal PLFAs decreased in the biochar and biochar ? P-amended soils, in most cases significantly ( Fig. 2f ; Table S7 ). Furthermore, the bacterial substrate limitation ratios of cy17:0/ 16:1x7c and cy19:0/18:1x7c (Guckert et al. 1986; Kieft et al. 1994; Bossio and Scow 1998) decreased significantly with most amendments in the upper mineral soil (Table S6 ).
Solvent-extractable biomarkers
Solvent extraction showed increased concentrations of several plant-and microbial-derived biomarkers as well as shifts in the native OM composition of the amended soils. This extraction yielded several classes of compounds (Table S8) , including sugars (monosaccharides and disaccharides), acyclic aliphatic lipids (nalkanes, n-alkanols and n-alkanoic acids) and cyclic aliphatic compounds (steroids and triterpenoids). Statistically significant interactions between the biochar and P treatments were observed for most solventextractable biomarkers in the biochar ? P-amended samples at both depths (Tables S1-S2 ). The sugars identified are found in plants and microbes and thus are not source-specific, but can still provide insight into soil biogeochemical processes (Otto and Simpson 2005) . At the 0-5 cm depth, total sugar concentrations increased significantly in the biochar-amended soils and with biochar ? P amendment at the 10 t/ha application rate ( Fig. 3a ; Table S9 ). At the 5-15 cm depth, P fertilization significantly decreased sugar concentrations whereas biochar ? P addition significantly increased sugars at the 20 t/ha application rate (Table S10 ). The solvent-extractable acyclic aliphatic lipids included a homologous series of n-alkanes, nalkanols and n-alkanoic acids which were classified as short-chain (\C 20 ) or long-chain (CC 20 ) compounds that are derived predominantly from microbial and plant sources, respectively (Lichtfouse et al. 1995; Otto and Simpson 2005) . Short-chain n-alkanoic acid concentrations increased with biochar and biochar ? P addition at the upper depth, in some cases significantly (Fig. 3b) . At the same depth, concentrations of long-chain n-alkanes, n-alkanols and nalkanoic acids increased significantly with most biochar, P and biochar ? P amendments (Fig. 3c-e) . At the lower depth, long-chain n-alkane, n-alkanol and n-alkanoic acid concentrations increased significantly for some treatments but did not show any definitive trends (Table S10 ). The solvent-extractable cyclic aliphatic compounds included steroids and triterpenoids derived from microbial and plant sources (Table S8) . At the 0-5 cm depth, total steroid concentrations increased significantly with all amendments (Fig. 3f) . Triterpenoid concentrations also increased with all amendments at this depth, in most cases significantly (Fig. 3g) . At the 5-15 cm depth, steroid concentrations increased significantly with biochar amendment but decreased significantly with P fertilization (Table S10 ). The concentration of the fungal-derived steroid ergosterol increased with biochar and biochar ? P amendment at the upper depth, in most cases significantly (Fig. 3h) . At the lower depth, ergosterol concentrations increased with all amendments, significantly in soils with 20 t/ha biochar (Table S10 ). Ratios of solvent-extractable biomarker concentrations were calculated to further assess changes in soil OM composition and degradation status (Otto and Simpson 2005) . The ratio of acyclic/cyclic compounds decreased significantly at the 0-5 cm depth with all biochar and biochar ? P treatments (Fig. 3i) . At the 5-15 cm depth, P fertilization significantly increased the acyclic/cyclic lipid ratio and significantly decreased the ratio of sterols/ sterones (Table S10) .
Base-hydrolyzable lipids
Base hydrolysis revealed increased concentrations of monomeric components of plant waxes and the biopolymers cutin and suberin in the amended soils. This treatment isolated a series of ester-bound compounds from the soil samples (Table S11) , including monomeric components of waxes, cutin and suberin (Kolattukudy and Espelie 1989; Otto and Simpson 2006b ). At the 0-5 cm depth, total concentrations of base-hydrolyzable benzyl and phenol compounds increased with all amendments, in some cases significantly (Table S12) . Total concentrations of other base-hydrolyzable compounds including nalkanols, n-alkanoic acids and a-hydroxyalkanoic acids increased with all biochar and P treatments at both depths, but significantly in only a few instances. Total concentrations of cutin biomarkers, namely the mid-chain-hydroxy C 15 and C 16 n-alkanoic acids, increased at both depths with all treatments, in several cases significantly ( Fig. 4a ; Table S13 ). Similarly, the total concentration of suberin components, including long-chain x-hydroxyalkanoic acids and a,x-n-alkanedioic acids, also increased at both depths with most treatments (Fig. 4b) . Two-way ANOVA revealed a statistically significant interaction between biochar and P for most base-hydrolyzable biomarkers at the lower depth, but only in a few instances for the upper soil (Tables S1-S2 ). The ratio of suberin/cutin biomarkers (Otto and Simpson 2006b ) decreased slightly with all treatments at the upper depth (Fig. 4c) , signalling a shift toward a greater proportion of cutin components in the amended soils. Cutin and suberin degradation ratios (x-C 16 /RC 16 , x-C 18 /RC 18 and Rmid/RSC) did not change at either depth (Tables S12-S13) , indicating no enhanced cutin or suberin degradation during the study.
Lignin-derived phenols
Alkaline CuO oxidation showed increased concentrations of lignin-derived phenol monomers and dimers as well as a shift in the relative proportion of these components in the biochar and biochar ? P-amended soils. This treatment yielded several types of ligninderived compounds (Hedges and Ertel 1982; Otto and Simpson 2006a) including phenol monomers (vanillyl, syringyl and cinnamyl classes) and dimers (5,5 0 ,a,1-monoketone, a,2-methyl and b,1-diketone classes; Table S14 ). Several benzyl compounds were also identified which may be derived from lignin as well as other sources such as protein (Goñi et al. 2000; Otto and Simpson 2006a) . At the 0-5 cm depth, total concentrations of benzyl compounds, phenol monomers (denoted as RVSC) and phenol dimers increased significantly in the biochar-amended soils at the 5 and 20 t/ha application rates, while biochar ? P amendment significantly increased RVSC at the 10 t/ha application rate (Fig. 4d,e ; Table S15 ). At the 5-15 cm depth, total concentrations of benzyl compounds, RVSC and dimers decreased significantly with P and biochar ? P amendment (Table S16) . A statistically significant interaction was observed between the biochar and P treatments for most lignin-derived compounds in the biochar ? Pamended soils at the upper depth, whereas this interaction was significant in only a few cases at the Fig. 3 Total concentrations of solvent-extractable a sugars, b short-chain n-alkanoic acids, c long-chain n-alkanes, d longchain n-alkanols, e long-chain n-alkanoic acids, f steroids, g triterpenoids and h ergosterol as well as i the ratio of acyclic/cyclic aliphatic lipids in the 0-5 cm mineral soil during a 3-year biochar and P amendment study. Treatment data labels indicate the biochar application rate and the presence or absence of P fertilization. Asterisks indicate values that are statistically significant (p B 0.05) from the unamended soil lower depth (Tables S1. S2 ). Ratios of lignin-derived phenol compounds were calculated to assess the lignin degradation status and the relative proportion of monomeric and dimeric lignin components in the soils (Ertel and Hedges 1984; Hedges et al. 1988; Goñi and Hedges 1992; Otto and Simpson 2006a) . At the upper depth, acid/aldehyde ratios did not change significantly with any treatment (Table S15) . At the lower depth, the dehydrodivanillic acid/dehydrodivanillin ratio increased significantly in the 10 and 20 t/ ha biochar ? P-amended soils (Table S16 ). The ratio of lignin-derived phenol monomers/dimers increased with P fertilization and to a greater extent with biochar and biochar ? P amendment at the 0-5 cm depth, in several cases significantly (Fig. 4f ). Significant increases in this ratio were also seen with most treatments at the 5-15 cm depth (Table S16) Tables S17,  S18 and S19. At the 0-5 cm depth, 1-D 1 H NMR analysis showed that the relative proportion of aliphatic components such as lipids, waxes, cutin and suberin increased at the 20 t/ha biochar application rate both with and without P fertilization (Table S17 ). The proportion of N-and O-substituted aliphatic components such as lipids, amino acids, peptidoglycan and chitin increased marginally with P Fig. 4 Total concentrations and ratios of biomarkers isolated using chemolytic extraction techniques, including base-hydrolyzable a cutin and b suberin compounds, c the ratio of suberin/cutin biomarkers, as well as CuO oxidation products including lignin-derived phenol d monomers, e dimers and f the ratio of monomers/dimers in the 0-5 cm mineral soil during a three-year biochar and P amendment study. Treatment data labels indicate the biochar application rate and the presence or absence of P fertilization. Asterisks indicate values that are statistically significant (p B 0.05) from the unamended soil (Simpson et al. 2007 ). Increased proportions of macromolecular aliphatic constituents such as waxes, cutin and suberin were observed with all treatments at both depths, with the greatest increases at the 20 t/ha biochar application rate (Table S18) . A pronounced decrease in large Oalkyl structures such as carbohydrates, peptides and protein was seen at the 0-5 cm depth with biochar and biochar ? P amendment. At the same depth, increased proportions of aromatic and phenolic components were observed at the 10 and 20 t/ha application rates, while a similar increase was noted at the 5-15 cm depth but only with 20 t/ha biochar addition. 2-D 1 H-13 C HSQC NMR spectroscopy was used to confirm 1-D spectral assignments as this technique provides enhanced resolution of OM components due to the greater spectral dispersion of the 13 C nucleus . Changes in the relative proportions of specific OM functionalities were assessed by calculating normalized area ratios for defined regions of the HSQC spectra (Table S19 ; Fig. 5c ). At the 0-5 cm depth, the relative proportion of aliphatic constituents rich in CH 2 and CH 3 groups increased with all treatments compared to the unamended soil. Increased proportions of peptide-derived components such as aprotons and the amino acids phenylalanine and tyrosine as well as higher proportions of lignin methoxy groups were also observed at this depth with most treatments, in particular at the two higher biochar application rates. Carbohydrate signals including CH, CH 2 and anomeric groups decreased with most C HSQC NMR spectrum that were used to calculate normalized area ratios (defined in Table S19 of the Supplementary Material) treatments at both depths, especially at the 10 and 20 t/ha biochar application rates both with and without P fertilization.
Discussion
Biochar and P amendment stimulated soil microbial activity and altered the soil microbial community composition
The results suggest that biochar and P fertilizer addition to a P-limited temperate forest soil resulted in some similar but also contrasting changes in soil microbial activity 3 years post-amendment. The increased concentrations of PLFAs specific to Grampositive and Gram-negative bacteria and actinomycetes that were observed in the upper mineral soil (0-5 cm) signify that bacterial activity was stimulated by most biochar and P amendments. However, the lack of significant differences between the treatments indicates that bacterial activity was not preferentially stimulated by one amendment over the others. The higher concentrations of microbial-derived shortchain n-alkanoic acids observed in the soil solvent extracts (Harwood and Russell 1984; Lichtfouse et al. 1995 ) also suggest increased microbial-derived inputs to the amended soils. Previous studies have also reported stimulated bacterial activity following biochar amendment in soil using PLFA analysis (Steinbeiss et al. 2009; Santos et al. 2012; Gomez et al. 2014; Prayogo et al. 2014; Watzinger et al. 2014; Ameloot et al. 2015; Mitchell et al. 2015) . This increase in bacterial activity over time may have arisen from biochar-induced improvements to soil properties such as nutrient availability and macroporous habitats for microbes (Mukherjee and Zimmerman 2013; Brewer et al. 2014; Gul et al. 2015) . Since biochar, P and biochar ? P stimulated bacterial activity to a similar extent, this enhanced activity was likely the result of increased soil nutrient availability rather than the presence of the biochar particles as a physical substrate. This is supported by decreases in the PLFA stress ratios, which indicated that bacteria experienced less substrate constraints in the amended soils (Guckert et al. 1986; Kieft et al. 1994; Bossio and Scow 1998) . Lower ratios of Gram-negative/Gram-positive bacterial PLFAs at the 0-5 cm depth with all biochar and P amendments suggest that the bacterial community in the amended soils shifted toward a greater proportion of Gram-positive bacteria. We previously reported the preferential stimulation of Gram-positive bacteria over time during a laboratory study in which sugar maple wood-derived biochar was amended in soil collected from the same forest (Mitchell et al. 2015) . Other researchers have also observed a bacterial community shift toward Grampositive bacteria during a short-term amendment study using a different soil type and biochar (Ameloot et al. 2013) . Gul et al. (2015) proposed that Gram-positive bacteria preferentially utilize biochar-derived C as an energy source compared to Gram-negative bacteria since Gram-positive bacteria have been found to selectively degrade more recalcitrant forms of soil OM. For example, one study reported that the activity of Gram-positive bacteria increased with soil depth as concentrations of recalcitrant OM components increased (Fierer et al. 2003) . Two previous biochar amendment studies also reported that Gram-positive bacteria incorporated biochar-derived C into their cell membrane lipids (Santos et al. 2012; Farrell et al. 2013) . Given that bacteria in the surface mineral soil would be in close proximity to the amended biochar particles, a shift toward Gram-positive bacteria could be expected at this depth. In addition, a shift toward Gram-positive bacteria was not observed in the lower soil layer which did not contain visible biochar particles. Stimulation of Gram-positive bacteria by P fertilization of forest soils has also been reported previously, albeit primarily in P-limited tropical ecosystems (Krashevska et al. 2010; Fanin et al. 2015) . Collectively, our results suggest that biochar, P and biochar ? P addition at this site favoured Grampositive bacteria and caused localized shifts in the soil bacterial community structure.
The fungal PLFA (18:2x6,9c) and ergosterol data indicated that fungal activity in the upper mineral soil was stimulated by biochar and biochar ? P addition but not by P fertilization alone, in contrast with bacterial activity which increased with all amendments at this depth. This suggests that fungal activity may not be dependent on soil P concentrations to the same extent as bacteria, and that fungi responded favourably to biochar addition. Previous studies have reported that fungi can colonize biochar particles and macropores via their hyphal networks, potentially allowing access to a concentrated source of biocharderived nutrients and residual pyrolysis compounds as well as a physical substrate to support growth (Ascough et al. 2010; Spokas et al. 2011; Hammer et al. 2014; Jaafar et al. 2014) . The fungal PLFA and ergosterol data also showed that fungal activity was stimulated in the lower mineral soil when biochar was applied to the forest floor. Fungal hyphae may have accessed biochar particles at the soil surface which would be inaccessible to bacteria in the deeper soil. Conversely, fungal activity decreased at the lower depth with P fertilization. This was likely due to a reduction in mycorrhizal interactions with plant roots due to increased P availability (van der Heijden et al. 2008) , and is consistent with a previous P fertilization experiment that was conducted at this forest site . The decreasing bacterial/fungal PLFA ratio at both soil depths with biochar and biochar ? P amendment indicates that fungal activity was stimulated to a greater extent than bacterial activity, and that the microbial community shifted toward a greater proportion of fungi versus bacteria with these treatments. This suggests that the modified soil conditions with biochar were more favourable for fungi than bacteria, and agrees with two previous studies which also observed preferential stimulation of soil fungi in response to long-term biochar addition (Steinbeiss et al. 2009; Farrell et al. 2013) . The shifts in microbial community composition observed with the biochar and biochar ? P amendments may have ecological implications as microbes play a critical role in soil processes such as OM decomposition, nutrient cycling and greenhouse gas production, among others (Thies and Rillig 2009 ). As such, potential shifts in soil microbial communities should be carefully assessed prior to large-scale biochar amendment of forest soils.
Biochar and P amendment altered the native soil OM molecular composition Biomarker analysis revealed that several types of plant-and microbial-derived OM components accumulated in the 0-5 cm amended soils during the threeyear period. This included solvent-extractable short and long-chain aliphatic lipids, sugars, steroids and triterpenoids, base-hydrolyzable cutin and suberin components, as well as lignin-derived phenol monomers and dimers. Higher proportions of alkyl polymethylene and lignin methoxy group resonances in the solution-state NMR spectra of the amended soil base extracts further confirmed the increased inputs of plant-derived OM. Since the PLFA results indicated that bacterial activity in the upper mineral soil was stimulated by P fertilization, we propose that enhanced microbial decomposition of forest floor litter resulted in increased inputs of extractable plant-and microbialderived biomarkers in the P-fertilized soil. An increase in the total C and N content of the P-amended soil relative to the unamended soil supports this potential accumulation of soil OM components. For soils amended with biochar and biochar ? P, the higher extractable biomarker concentrations could be due to increased plant and microbial inputs as well as the sorptive retention of biomarker compounds by biochar particles, which have a strong sorption capacity for OM (Uchimiya et al. 2010; Smebye et al. 2016 ). Sorption to biochar may lower the bioavailability and thus the susceptibility of these OM components to microbial degradation, potentially increasing their soil residence time (Chenu and Plante 2006; Mikutta et al. 2007 ) and resulting in higher concentrations of extractable biomarkers. Collectively, higher OM inputs and the sorptive preservation of OM on biochar particles may explain why the total C and N content of the biochar and biochar ? P-amended soils were higher than predicted based on the amount of C and N added in the form of biochar. While the biochar and biochar ? P treatments increased the concentration of most extractable soil OM biomarkers, P fertilization led to an accumulation of primarily slower-degrading OM components such as steroids, triterpenoids, cutin and suberin. A previous P fertilization experiment at the same forest demonstrated that concentrations of soil PO 4 3-, K ? , Ca 2? and Mg 2? increased within 2-6 weeks of P fertilization at the same application rate . This increased nutrient availability may have stimulated microbial activity and induced soil priming earlier in the study, leading to increased soil OM degradation and preferentially mineralizing more labile OM components such as sugars. This may explain why the concentrations of the more recalcitrant compounds increased after three years in the P-fertilized plots, while concentrations of more labile biomarkers were unchanged.
Analysis of soil OM biomarker ratios and solutionstate NMR data revealed several potential shifts in the OM composition of the amended soils at the 0-5 cm depth. Although both acyclic and cyclic aliphatic lipids accumulated, a decreased acyclic/cyclic lipid ratio with all biochar and biochar ? P treatments indicated an OM compositional shift toward a greater proportion of steroid and triterpenoid compounds in these soils. Stimulated microbial activity may have resulted in the preferential degradation of acyclic aliphatic lipids such as n-alkanes, n-alkanols and nalkanoic acids compared to cyclic lipids, which may be more inherently resistant to degradation due to their molecular structure (von Lützow et al. 2006) . For example, plant sterols are commonly found in soils in an unaltered state and in greater abundance than their sterone oxidation products (Otto and Simpson 2005) . The preferential sorption of cyclic compounds to biochar particles may also account for their relative preservation compared to the acyclic aliphatic lipids, especially since this OM compositional shift was not observed with P fertilization. CuO oxidation revealed a shift toward a greater proportion of extractable lignin-derived phenol monomers versus dimers in the biochar-and biochar ? P-amended soils at the upper depth. Lignin is bound to hemicellulose and cellulose in plant cell walls, forming the lignocellulose complex (Sjöström 1993) , and the degradation of ligno-cellulose in soil is believed to be initiated primarily by fungi as well as some species of bacteria (Antai and Crawford 1981; Hedges et al. 1988; Orth et al. 1993) . These microbes are capable of cleaving lignin from the polysaccharide, which may in turn increase substrate accessibility to other lignin-degrading fungi and bacteria (Tuomela et al. 2000) . Since the PLFA and ergosterol data suggested that fungal activity was stimulated by the biochar and biochar ? P treatments, increases in the lignin monomer/dimer ratio may reflect the preferential degradation of dimeric lignin subunits by microbes (Goñi et al. 1993) , or changes in the relative extractability of lignin sidechains due to structural alteration of the lignin macromolecule. Solution-state NMR analysis of soil base extracts showed an OM compositional shift toward a lower proportion of carbohydrate-derived components and a higher proportion of alkyl and lignin constituents with all amendments. Decreased proportions of carbohydrates may indicate enhanced microbial degradation of polysaccharides such as cellulose, which is supported by the higher concentrations of solvent-extractable sugar monomers that were observed in the amended soils. The concomitant increases in alkyl and lignin-derived compounds are consistent with the accumulation of aliphatic lipids and lignin phenols that were detected using biomarker analysis, and with a previous laboratory biochar incubation study conducted using soil from this forest (Mitchell et al. 2016) .
Soil OM composition in the biochar-amended soils did not vary as greatly from the control at the 5-15 cm depth as in the surface mineral soil, likely because the biochar was not thoroughly mixed into the lower depth upon application. However, lower concentrations of sugars, long-chain n-alkanes and n-alkanoic acids, steroids and triterpenoids as well as lignin-derived phenols were found in the lower mineral soil with P fertilization. The sterol/sterone ratio also decreased in this soil, which indicates that sterols were at a more advanced stage of oxidation. These findings suggest increased soil OM degradation in the lower soil horizon 3 years post-amendment, but the PLFA data indicated that microbial activity in the P-amended soil was similar to or lower than the unamended soil at this depth. The decrease in OM components may be explained by soil priming shortly after the P fertilizer was added. P leaching downward from the surface soil may have stimulated microbial activity (Cleveland et al. 2002; Zhu et al. 2015) and led to accelerated OM decomposition in the lower mineral soil, resulting in a decrease in the concentration of specific OM components. Microbial activity in the 5-15 cm soil may have then decreased to the observed levels once amended P concentrations were depleted by leaching and/or incorporation into soil organisms (Bhatti et al. 1998; Cui et al. 2011 ).
Biochar and P fertilizer as prospective soil amendments in P-limited managed forests This study demonstrated that biochar, P and biochar ? P amendment in a P-limited temperate forest for 3 years increased soil nutrient availability, altering the soil microbial community and native soil OM composition as hypothesized. In several instances, biochar, P and biochar ? P addition led to similar changes in these soil properties. For example, all three types of amendments stimulated soil bacterial activity and increased the concentration of extractable plantderived soil OM biomarkers, likely due to the enhanced breakdown of forest floor litter by microbes. However, several important differences were also observed between the biochar and P amendments, which may have implications for soil C sequestration and nutrient supplementation. First, P fertilization appears to have induced soil priming since labile OM components such as solvent-extractable sugars did not accumulate in this soil, whereas labile OM constituents accumulated with biochar amendment. Although P fertilization may increase the availability of limiting soil nutrients, fertilizer application may be disadvantageous in the long-term from a C sequestration perspective as priming may enhance soil OM decomposition and soil CO 2 efflux (Kuzyakov et al. 2000; Keith et al. 2011; Luo et al. 2011; Zimmerman et al. 2011) . Secondly, soil OM compositional shifts toward a higher concentration of cyclic versus acyclic lipids and lignin-derived phenol monomers versus dimers were observed with biochar amendment but not with P fertilization. These compositional shifts suggest that biochar amendment may result in the preferential accumulation of specific OM components. This may be due to the sorption of OM onto biochar particles (Smebye et al. 2016) , which could increase soil C storage but may also alter soil C biogeochemical cycling. Thirdly, biochar amendment stimulated soil fungal activity and shifted the microbial community toward a greater proportion of fungi over bacteria, which was not observed with P fertilization alone. Since fungi are important decomposers in soil, longterm microbial community shifts toward fungi with biochar addition may increase soil nutrient availability (McTiernan et al. 1997; Kalbitz et al. 2000; Lehmann et al. 2011) . However, increased fungal activity could further shift the native soil OM composition, and it is unclear whether biochar amendment stimulated the activity of fungi which are plant pathogens (Elad et al. 2010; Graber et al. 2014) . In most cases, the biochar and biochar ? P amendments enhanced microbial activity and altered the native soil OM composition to a similar extent. Although the soils at this site are reported to be P-deficient (Gradowski and Thomas 2006; Casson et al. 2012; Sackett et al. 2015) , it appears that the amount of P and other ionic nutrients supplied by biochar amendment was sufficient to alleviate soil nutrient deficiencies and enhance microbial activity. Overall, it may be advantageous to use biochar as an amendment in P-limited managed forests as biochar provides a sustained source and sorbent of nutrients without increasing soil priming. However, long-term monitoring of nutrient availability in the biochar-amended soils is needed to further assess the nutrient supplementation capability of biochar in this forest ecosystem over longer time scales. Furthermore, potential biochar-induced changes in soil OM biogeochemistry should be studied in other managed forests to better understand the ramifications of biochar addition prior to the amendment of unmanaged forests.
